ABSTRACT Avian leukosis virus (ALV) is a tumorinducing virus that spreads among most chicken species, causing serious financial losses for the poultry industry. Subgroup J avian leukosis virus (ALV-J) is a recombinant exogenous ALV, which shows more extensive host range in comparison with other subgroups, especially in Chinese local chickens. To identify the relationship between ALV-J host range and the polymorphism of its cellular receptors, we performed a wide range epidemiological investigation of current ALV-J infection in Chinese local chickens, and discovered that all the 18 local chicken breeds being investigated from main local chicken breeding provinces were ALV-J positive. Furthermore, we cloned ALV-J cellular receptor genes of chNHE1 and chANXA2 of these 18 chicken breeds. Sequence alignment demonstrated that despite several regular mutations at the nucleotide level, there were no corresponding amino acid mutations for either chNHE1 gene or chANXA2 gene. Additionally, virus entry assay indicated that the level of viral enter into cells is stable among different chicken breeds. Results of this study indicated that the wide host range of ALV-J in Chinese local chickens was partially due to the high conservatism of its cellular receptors, and also provide target sites for drug design of resistance to ALV-J infection.
INTRODUCTION
Avian leukosis viruses (ALVs), the pathogens that cause avian leukosis, belong to the genus Alpharetrovirus of the Retroviridae family. According to host range, envelop properties, and cross-reactivity with neutralizing antibodies, ALVs that infect chickens can be classified as 6 subgroups , A through E and J (Payne et al., 1991 (Payne et al., , 1992 . Additionally, based on the patterns of transmission, ALVs in chickens usually can be divided into 2 types: endogenous viruses (ALV-E) and exogenous viruses (ALV-A, -B, -C, -D and -J). Subgroups A and B are recognized as common pathogenic viruses that induce lymphoid leukosis and sarcoma. Subgroups C and D have been reported rarely. ALV-J was first isolated from meat-type chickens in the UK in 1988 (Payne C et al., 1991) . Unlike the viruses in the other subgroups, ALV-J causes multiple malignant tumors, such as myelocytoma, nephroma, hemangioma, and serious damage, and financial loss to the poultry industry (Fadly and Smith, 1999; Venugopal, 1999; Pan et al., 2011) .
ALV-J is a multiple recombinant exogenous virus. The prototype strain, ALV-J HPRS-103, is a recombinant of at least 5 ALV sequences and 1 endogenous avian retroviral sequence (Bai et al., 1995) . Previous studies have demonstrated that the host range of HPRS-103 is different from those of other subgroups (Payne et al., 1992) . It is well established that host susceptibility to viral infection is a cell surface phenomenon related to interaction between the viral envelop glycoproteins and cellular receptors (Delos et al., 2005) . Significant progress has been made in sequencing the envelope genes of ALV-J (Dorner and Coffin, 1986; Bova et al., 1988; Pan et al., 2012) , but there has been little analysis of the cellular receptors they target. In 2005, chicken Na + /H + exchanger type 1 (chNHE1) was identified as the functional cellular receptor of ALV-J and further functional analysis was conducted (Chai 4187 and Bates, 2006; Kucerova et al., 2013) . NHE1 can specifically serve as an exchanger of protons and sodium ions, thereby regulating intracellular pH (Baumgartner et al., 2004) . In addition, chicken annexin-A2 (ANXA2) was reported as a cellular receptor of ALV-J in 2015 (Mei et al., 2015) . ANXA2 can participate in multiple cellular processes, such as endocytosis, exocytosis and F-actin filament building, by associating with other intracellular factors (Benz and Hofmann, 1997) . These previous studies reported no details about polymorphisms in the ALV-J cellular receptors.
In China, ALV-J was first detected in broilers in 1999 (Yan et al., 1999) . ALV-J infection and tumor in commercial layer chickens were reported in 2004 (Cheng, 2005; Cheng et al., 2010; Gao et al., 2010) . In 2007, ALV-J was isolated from yellow chickens and other Chinese local breeds (Sun and Cui, 2007) . Since then, a widening range of ALV-J infections have been reported in certain local chicken breeds and commercial layer flocks, causing great financial damage to the poultry industry (Binrui et al., 2004; Cheng et al., 2005; Sun and Cui, 2007; Gao et al., 2010; Gao et al., 2012; Wu et al., 2010; Dong et al., 2015; Xuan et al., 2015) . ALV-J infection is mediated by specific interactions of cellular receptors and the viral envelope. Thus, this widening of the ALV-J host range may be related to polymorphisms in the cellular receptors in Chinese local chickens. In this study, we aligned the sequences of the genes coding for the ALV-J receptors, chNHE1 and chANXA2, and analyzed viral entry, to explore the relationship between polymorphism and host range. This study will advance understanding of the mechanisms of the wide host range of ALV-J.
MATERIALS AND METHODS

Clinical Samples
Clinical samples, including cloacal swabs and albumen, were collected from 18 local chicken breeds in southern and central China (Table 1) , including Shandong, Guangxi, Jiangsu, and Jiangxi provinces, where most local chicken farms are located.
Virus and Cells
The ALV-J strain HLJ09SH01 was isolated and saved in our laboratory . DF-1 cells, a fibroblastoid cell line that is known to be susceptible to exogenous ALVs (Maas et al., 2006) , were cultured in Dulbecco's modified Eagle medium (DMEM; Life Technologies, Grand Island, NY) supplemented with 10% (w/v) fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO) at 37
• C in a humidified 5% CO 2 incubator. Chicken embryo fibroblast cells (CEFs) were prepared from several of the local chicken breeds in Shandong, Guangxi, Jiangsu, and Jiangxi provinces in China as described previously (Gao et al., 2008) .
Virus Isolation
Cloacal swabs and albumen samples were filtered through a 0.45-μm Millipore filter and then inoculated into DF-1 cells and incubated at 37
• C with 5% CO 2 for 7 d for 1 passage. Uninfected cells were used as negative control. After 1 passage, cell lysates were prepared after 3 freeze-thaw cycles and tested for the ALV groupspecific antigen (p27) using an antigen-capture ELISA (Yun et al., 2013) . The positive cells detected by ELISA were harvested for DNA extraction and further characterized using multiplex PCR for ALV-A/B/J with specific primers (Gao et al., 2014) .
RNA Extraction, Reverse Transcription, Primer Design and Sequencing
RNA was extracted from CEFs using TRIzol reagent (Takara Biotechnology) following the manufacturer's instructions. The RNA was stored at -80
• C and was then reverse transcribed using a Golden FirstStrand cDNA Synthesis Kit (HaiGene). The primers used for sequence cloning were designed based on the reference sequences from NCBI (accession number for chNHE1: NM 001044643.1; accession number for chANXA2: NM 205351.1) ( Table 2 ). The DNA was amplified from the reverse transcription product using Table 2 . Primers used in the present study.
the primers in Table 2 . PCR program was as follows: 95 • C for 5 min, followed by 35 cycles of 95 • C for 30 s, 60
• C for 30 s, and 72
• C for 1 min and a final extension step at 72
• C for 10 min. The PCR product was then cloned into the pMD-18T vector (Takara Biotechnology) and was sequenced by Comate Biology Limited Liability Company of Jilin Province.
Viral Entry in Different Breeds of Inbred Chickens
Six local chicken breeds from the same chicken farm were used for the viral entry assay. For this purpose, CEFs from different breeds were seeded in 12-well plates with approximately 10 6 cells per well. When the cell density grew to 80%, approximately 7 × 10 3 TCID 50 of ALV-J was inoculated into the cell layer. Two hours after inoculation, the virus was removed, and the cells were carefully washed 3 times with serumfree DMEM, followed by maintenance in DMEM containing 1% (w/v) FBS. At 4 h post-infection, the cells were collected, and their DNA was then extracted and evaluated for ALV-J using a real-time PCR method.
Real-Time PCR for Detection of Viral Load
Provirus DNA was extracted from ALV-J-infected cells using a TIANamp Genomic DNA Kit (TIANGEN) following the manufacturer's instructions, and the viral load of ALV-J was quantified using primers specific for ALV-J . A standard curve was established with 10-fold serial dilutions of standard plasmids that contain a 214-bp fragment of the ALV-J genome amplified by the primer pair ALV-JNF and ALV-JNR. Uninfected CEFs was used as a negative control.
Statistical Analysis
Statistical significance of the differences between the obtained values was established using the Student's t-test. An unadjusted P-value below 0.05 was considered to indicate statistical significance.
RESULTS
All Chicken Breeds Tested were ALV-J Positive
To improve understanding of the current status of ALV-J infection among local chicken breeds in China, 18 local chicken breeds from 4 of the main breeding provinces were selected for ALV-J testing. Viral isolation results showed that all breeds were ALV-J positive (Figure 1 ). Of the 18 tested breeds, 4 breeds (including D Huang, C Hua, Shiza, and Wu) had ALV-J positivity rates under 10%, and 4 chicken breeds (including Bairi, Luhua, H Hua, and Hua) over 30% (Figure 1 ). The samples were then pre-treated and used for virus isolation, and the virus isolation rates were calculated and arranged from small to large.
Cloning and Sequence Analysis of the chNHE1 Gene in Different Breeds
Because cell receptors play very important roles in viral infection, we first analyzed the gene sequences of chNHE1, which has been identified as an ALV-J cell receptor (Chai and Bates, 2006) . The full-length sequences of the chNHE1 gene in 18 local chicken breeds were successfully cloned and sequenced, and the sequences have been submitted to GenBank, under the accession numbers listed in Table 1 . Comparison of these nucleotide sequences with the reference sequence from NCBI (NM 001044643.1) revealed that 2 regular site mutations, at 1233 (A-C) and 1311 (A-G), existed in 10 of the breeds. The corresponding amino acids are located in the transmembrane domain of the supposed structure of chNHE1, between extracellular loop 5 and extracellular loop 6 (Supplementary Figure S1 ). However, the amino acid sequences deduced for different breeds showed very high homology, with 100% similarity to the reference sequence and one another.
Cloning and Sequence Alignment of the chANXA2 Gene in Different Breeds
ANXA2 was recently identified as a novel cellular receptor of ALV-J (Mei et al., 2015) . Thus, the chANXA2 genes of 18 local chicken breeds were amplified and sequenced and these sequences have been submitted to GenBank, under the accession numbers listed in Table 1. Sequence alignment indicated that 6 of the breeds have a nucleotide mutation (A-G) in nucleotide 579, downstream of the ATG, in comparison with the reference chANXA2 gene from GenBank (NM 205351.1). However, the mutation (A-G) in nucleotide 579 is the third nucleotide in a codon, and does not result in an amino acid change (Supplementary Figure S2) . The chANXA2 genes in the different breeds showed 100% similarity to the reference sequence and to one another. 
The Level of Viral Entry into Cells is Stable Among Different Breeds
The entry process directly influences viral load during propagation (Miller, 1996) . Therefore, we tested the levels of viral entry into CEFs prepared from 6 local chicken breeds, among which ALV-J positivity rates varied from 0.46 to 38.74%. The main epidemic strain of ALV-J in China, HLJ09SH01, was used in this assay . Chicken embryo fibroblast cells from the 6 breeds were infected with HLJ09SH01, and the results of the viral entry assay indicated that the viral loads of the different cell samples were within 2.24 × 10 4 to 3.31 × 10 4 copies per 250 ng of DNA (Figure 2) . The statistical significance of these differences was evaluated by Student's t-test. The unadjusted P-values were above 0.05, indicating no significance differences.
DISCUSSION
ALV-J was first isolated from meat type chicken and then was found causing tumors in commercial layer flocks and Chinses local chickens (Fadly and Smith, 1999; Sun and Cui, 2007; Pan et al., 2011) . Thus, its host range has significantly widened. ALV-J infection is now a serious problem in Chinese local chicken flocks. Not only does ALV-J cause serious decreases in egg production and high mortality, but it also leads to great physiological damage and immunosuppression (Cheng, 2005; Cheng et al., 2010) . To better understand the current infection state of ALV-J in Chinese local chickens and the possible relationship between the widening of its host range and receptor polymorphisms in different breeds, we carried out a systematic epidemiological survey of 18 chicken breeds from the 4 main local chicken breeding provinces. We sequenced and analyzed the genes coding for the ALV-J receptors chNHE1 and Anex2 in 18 ALV-J positive breeds. The results showed that the chNHE1 and Anex2 genes were highly conserved in the different breeds and that the levels of ALV-J entry into CEFs from breeds were very similar. These results suggest that the wide host range of ALV-J may be associated with high conservation among its cellular receptors. This is the first study to systematically analyze ALV-J the receptor genes in different Chinese local chicken breeds. We found that ALV-J infection existed in all breeds, with approximately 66.67% (12/18) of those tested showing ALV-J positivity rates above 10%, 4 of which showed rates above 30%. The high positivity rates indicated serious levels of ALV-J infection in Chinese local chicken farms. ALV infection is mediated by its envelop proteins specifically binding cellular receptors (Barnard and Young, 2003; Barnard et al., 2006; Babel et al., 2007) . Moreover, the distribution of a virus receptor among different breeds determines the cell tropism and host range of the virus (Payne et al., 1992) . According to the results of the receptor gene sequence analysis, the chNHE1 and chANXA2 genes are nearly completely conserved among local chicken breeds in China, which might explain why ALV-J infection rates are so high.
In spite of the wide range of ALV-J infection, different chicken breeds had remarkably different positive rates, varying from 0.46 to 38.74%. In addition, breeds from the same farm also exhibited different infection rates; in Shandong province, positivity rates ranged from 5.74 to 37.63%, whereas in Guangxi province, the positivity rates ranged from 0.46 to 38.74%. Since viral infection and replication in chicken flocks are rather complicated processes, ALV-J infection rates may be affected by certain intracellular factors, such as restriction factors, microRNA, or host proteins. For example, SAMHD1 is a restriction factor that plays an important role in anti-retroviral processes, and differences in SAMHD1 expression level may account for the variable susceptibility of different cell types to HIV infection (Goldstone et al., 2011; Laguette et al., 2011) . MicroRNA 23b also contributes to the replication of ALV-J; in particular, its expression level has a significant influence on the replication ability of ALV-J in spleen cells . Equine infectious anemia virus (EIAV), equine adenosine deaminase, which acts on RNA (eADAR1), serves as a positive regulator by improving long terminal repeat-mediated gene expression and infectivity (Tang et al., 2015) . Whether there are similar factors influencing ALV-J the viral infection and replication remains unclear.
In summary, our study demonstrates the wide range of ALV-J infection among Chinese local chicken breeds and for the first time indicates that this wide range may be associated with the conservation of cellular receptors. These findings suggest that ALV-J cellular receptors could serve as target sites for antiviral research. Meanwhile, the different observed ALV-J infection rates hint that factors other than receptors play roles in viral infection, which will require further research.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Figure S1 . Sequence alignment of chNHE1 genes of different breeds. The chNHE1 genes of different breeds were cloned and sequenced, and alignment between the reference sequence and the sequenced chNHE1 genes was performed. (A) Nucleotide sequence alignment between the reference sequence and the sequenced chNHE1 genes. (B) Alignment of the deduced amino acid sequences of the reference sequence and the sequenced chNHE1 genes. Figure S2 . Sequence alignment of chANXA2 of different breeds. The chANXA2 genes of different breeds were cloned and sequenced, and alignment between the reference sequence and the sequenced chANXA2 genes was performed. (A) Nucleotide sequence alignment between the reference sequence and the sequenced chANXA2 genes. (B) Alignment of the deduced amino acid sequences of the reference sequence and the sequenced chANXA2 genes.
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